dry soil, delay planting until the arrival of rain in midOctober or later, or postpone planting until spring; all ing winter (Papendick and McCool, 1994) .
wheat seed in osmoticum or water may improve germination and emergence (Ashraf and Abu-Shakra, 1978) and promote vigorous root growth (Carceller and Soriano, 1972 ) under low soil water potential compared with W inter wheat-summer fallow is the dominant rochecks. Osmotica that have shown good potential to tation on 1.5 million hectares in the low-precipitaenhance germination, emergence, growth, and/or grain tion (Ͻ300 mm annual) dryland cropping region of the yield of wheat include solutions of potassium hydroinland Pacific Northwest (PNW). Stand establishment phosphate (KH 2 PO 4 ) monobasic (Das and Choudhury, of winter wheat planted into summer fallow is often 1996), polyethylene glycol (PEG) (Dell'Aquila and Tahindered by dry seed zone conditions and is a crucial ranto, 1986), and potassium chloride (KCl) (Misra and factor affecting grain yield (Bolton, 1983) . Farmers Dwibedi, 1980) . Water has also been used successfully place seed as deep as 20 cm below the preplanting soil as a seed priming medium for wheat (Harris et al., 2001 ). surface with deep-furrow drills to reach adequate water
The objective of our study was to evaluate the feasibilfor germination and emergence (Schillinger et al., 1998) .
ity of seed priming for improving winter wheat producSeed zone water content is the controlling factor for tion in the low-precipitation summer fallow regions of wheat seedling emergence, but soil temperature and the inland PNW. Specific objectives were to determine depth of soil covering the seed are also important (Lind- the effectiveness of several priming media on germinastrom et al., 1976; Kirby, 1993) . In addition, farmers tion, emergence, and grain yield of two soft white winter need winter wheat to emerge rapidly (7-10 d) because wheat cultivars in the laboratory, greenhouse, and under rain occurring after planting and before emergence field conditions. causes surface soil crusting (Arndt, 1965) . The emerging coleoptile or first leaf cannot penetrate such crusts.
MATERIALS AND METHODS In dry years, when seed zone water is inadequate, farmers will either plant shallowly (2-3 cm deep) into Overview seed priming effects on germination, emergence, and grain Lind, WA. Air-dried soil was placed in 19-cm-tall plastic pots with 18-cm diameter and gently tamped to create a 5-cm-deep yield of winter wheat. The study involved laboratory, greenhouse, and field components. The two soft white winter wheat soil layer with a bulk density of Ϸ1.25 Mg m Ϫ3 . The pots, which had small holes in the bottom, were placed in trays containing cultivars were selected on the basis of their strong (Edwin) and moderate (Madsen) emergence capabilities. Edwin (Jones 5 mm standing water until soil was saturated. Pots were then removed from trays and kept on the greenhouse bench for et al., 2000) is standard height with club-type spike and long coleoptile, whereas Madsen (Allan et al., 1989) is semidwarf 48 h until the soil water content was Ϸ0.15 kg kg Ϫ1 . Soil was made friable by scratching the surface with a 2-cm-wide table with common-type spike and medium-length coleoptile.
Newly harvested, untreated foundation seed was used both fork to a depth of 1 cm, then 100 seeds were hand-planted in each pot and covered with 1 cm of moist soil. Immediately years. In August of 2000 and 2001, 250 g of seed of both cultivars was placed in 42 individual nylon net bags and imthereafter, dry soil was added to each pot and gently pressed with fingers to create a 15-cm-deep dry soil layer with Ϸ1.00 mersed in liquid priming media. The seven priming media were: (i) water; (ii) 2% KCl (w/v); (iii) 4% KCl (w/v); (iv) Mg m Ϫ3 bulk density above the moist soil. Thus, there was 16 cm of soil (1 cm moist ϩ 15 cm dry) covering seed that 0.5% KH 2 PO 4 (w/v); (v) 1% KH 2 PO 4 (w/v); (vi) 10% PEG 8000 (v/v); and (vii) 20% PEG 8000 (v/v). All priming media accurately simulated depth of planting under summer fallow conditions. Emergence was measured by counting all individwere prepared in distilled water.
Seed was fully immersed in priming media at a temperature ual seedlings at 24-h intervals beginning 7 d after planting (DAP) and continued until no further emergence occurred. of 24ЊC for durations of 12, 24, and 36 h. The 24-and 12-h treatments were immersed 12 and 24 h after the first batch, respectively, so that all seed was removed from priming media
Field Experiment
at the same time. A nontreated check for both cultivars was also included. All seed was then rinsed thoroughly with dis-
The field site was the WSU Dryland Research Station at tilled water and lightly hand dried using blotting paper. While
Lind. Seed lots and treatments were the same as those used still damp, seed (including check) was treated with [difenoco- in the greenhouse study during both years. Experimental denazole (R)-{(2,6-dimethylphenyl)-methoxyacetylamino}] prosign was a three-factor factorial (wheat cultivar, priming mepionic acid methyl ester fungicide at a rate of 0.65 mL kg Ϫ1 dia, and planting date) using randomized complete blocks with seed, then allowed to dry on paper towels at room temperature four replications. There were two dates of planting, the first (24ЊC) until seed water content was 120 g kg Ϫ1 as measured and fourth week of September. Planting rate was 100 and 200 with a grain moisture meter. Seed was stored at 24ЊC. seeds row Ϫ1 (22.5 and 45 kg ha Seed zone volumetric water content was measured in 2-cm increments to a depth of Madsen) and priming duration and priming media [three priming durations (12, 24, and 36 h) ϫ seven priming media (water, 22 cm from four locations within the experimental area on each planting date with an incremental soil sampler designed KCl-2 and 4%, KH 2 PO 4 -0.5 and 1%, PEG-10 and 20%) plus a check. Fifty seeds from each of the treatments were by Pikul et al. (1979) . Emergence was measured by counting all individual seedlings from the two center rows at 11 and 20 placed on 90-mm-diam. Whatman No. 2 filter paper that was moistened with 10 mL distilled water in each glass 90-mm-DAP. Whole plots (all four rows) were harvested with a Hege 140 plot combine in July 2001 and 2002. Grain yield, adjusted inner diameter Petri dish. Seed was kept at 24ЊC air temperature under normal light. Radicle protrusion of 5 mm was to 120 g kg Ϫ1 moisture, was measured on a digital scale (0.1-g accuracy). scored as germination. Germination of individual seeds was measured at 12-h intervals and continued until no further An analysis of variance for all data from laboratory, greenhouse, and field experiments was conducted by the PROC germination occurred. The experiment was repeated in Year 2 (i.e., Run 2).
GLM procedure of SAS (SAS Inst., 1999) . Treatments means were considered significantly different at P Ͻ 0.05. Mean separation was by Duncan Multiple Range Test.
Greenhouse Experiment
The same seed lots used in the laboratory experiment were
RESULTS AND DISCUSSION
used in a greenhouse study. Two runs were conducted of a twofactor factorial experiment in a CRD with four replications.
Laboratory Experiment
Factors were wheat cultivar (Edwin and Madsen) and priming media (water, KCl-2%, KH 2 PO 4 -0.5%, PEG-10%, plus a Radicle germination percentage (RGP), averaged check). Selection of greenhouse treatments was based on geracross type of priming media, concentration of media, mination performance in Run 1 of the laboratory experiment.
and duration of priming was consistently greater for
As germination was not affected by concentration of priming Madsen than for Edwin in both runs (data not shown), medium or duration of priming (result of Run 1 of the laborabut there was a strong run (R) ϫ priming media (PM) tory experiment), the low concentration of media with 12-h interaction at 24-, 48-, and 72-h measurement intervals priming duration was selected for greenhouse and field studies.
( Table 1a ). There was also a cultivar (C) ϫ PM interac-
The soil used was a Shano silt loam (coarse-silty, mixed, tion at 24 and 48 h ( also found that RGP was initially higher for primed
wheat seed compared with the check, but differences
diminished by 72 h.
Both cultivars showed no germination advantage, and
sometimes a disadvantage, when seed was soaked in * Significant at the 0.05 level.
any of the priming media for more than 12 h. Similarly, ** Significant at the 0.01 level.
higher concentrations of KCl, KH 2 PO 4 , and PEG gener-*** Significant at the 0.001 level.
ally did not benefit RGP (Table 2) . Seed primed in KCl NS ϭ not significant.
4% solution showed low RGP irrespective of priming gence than the check in Run 2. The C ϫ PM interaction duration and cultivar, possibly due to a phytotoxic effect suggests that change either in cultivar or priming media on the germinating embryo. Priming with water for 12 h may affect seedling emergence. This interaction is parwas equal to or better than the other priming media ticularly noticeable on the KH 2 PO 4 effect on Edwin tested for rapid germination. compared with on Madsen (Table 3) .
Greenhouse Experiment Field Experiment
Seedling emergence through 16 cm of soil cover at 7, Seed Zone Water 9, and 11 DAP was always greater for Edwin compared with Madsen when averaged across all priming treatSeed zone water content at early planting on 5 Sept. ments (data not shown). Similar to the laboratory exper-2000 was 0.125 cm 3 cm Ϫ3 but the seed zone had dried iment, there was a highly significant C ϫ PM interaction to 0.111 cm 3 cm Ϫ3 water content by late planting on 26 on all emergence count dates (Table 1b) , providing furSept. 2000 (Fig. 1a) . Drying of the seed zone from earlyther evidence of variability in seed lots in Run 1 vs.
to-late September was even more pronounced in 2001 Run 2. (Fig. 1b) . This hastening of late summer seed zone water Priming media affected emergence of wheat cultivars loss occurs as a result of the annual shift in the direction differently. Edwin seed primed in water or KH 2 PO 4 had of coupled heat and water flows. Increasingly low night enhanced emergence during both runs compared with temperatures that occur in late summer rapidly reduce KCl or PEG (Table 3) . Emergence for the check, howsoil surface temperatures while higher temperatures exever, was equal to the best seed priming treatments.
ist at lower depths. Under these conditions, the vapor Final emergence from water-and KH 2 PO 4 -primed seed, concentration gradient toward the soil surface is high and the check of Edwin was superior to KCl and PEG and considerable soil water loss may occur (Hillel, 1971) . in both runs.
This drying phenomenon is the reason why farmers For Madsen, KCL-and PEG-primed seed had greater plant winter wheat in late August-early September, parfinal (11 DAP) emergence than the check on both runs ticularly in dry years, in the eastern Washington wheatfallow area. There is often insufficient seed zone water (Table 3) . Water-primed seed had greater final emer- (Fig. 1a, 1b) . Water from such rain showers quickly 15 d after the other plantings, thus soil crusting was not evaporates and does not benefit wheat emergence. a factor. There were relatively few emergence differences beEmergence tween cultivars or among priming media from either planting in 2000, whereas Edwin emergence greatly ex-A 10-mm rain occurred 5 d after the 5 Sept. 2000 ceeded that of Madsen irrespective of priming media in planting at Lind, but soil crusting did not occur and 2001 (Table 4) . These yearly differences are reflected seedlings emerged without undo difficulty (Table 4) .
in the YR ϫ C interaction (Table 1c ). The Edwin KCl Normally, as little as 3 mm of rain occurring after planttreatment had greater emergence than its check at 11 ing and before emergence will crust the surface soil so DAP from the late planting in 2000, but KCl had no that wheat seedlings cannot emerge (Donaldson, 1996) . benefit over the check on any other measurement date As the wetting front from the heavy rain that occurred on 10 Sept. 2000 extended several centimeters into the in either year (Table 4) . For Madsen, none of the priming media enhanced runs) or water-primed Madsen (Run 2 only) had greater final emergence than the check. A strong cultivar ϫ emergence compared with the dry check in either year. Except for 11 DAP with the first planting date, emerpriming media interaction suggests the effect of priming media on emergence may be cultivar dependant; primgence for water-primed Madsen was less than the check from both plantings in 2001 (Table 4) .
ing enhanced emergence of the cultivar with moderate emergence capability (Madsen) but not the cultivar with strong emergence characteristics (Edwin).
Grain Yield
In the field study, seed zone water at time of planting There were no grain yield differences between cultiwas moderately dry in early September to dry in late vars or among priming media except from the early 2001
September in both years. Rapid drying of the seed zone planting where grain yields of Madsen primed with KCL occurred between the first and fourth week of Septemand PEG were lower than any Edwin entries except KCL (Table 5 ). There were no within-cultivar grain yield differences (Table 5) . Edwin was bred specifically for the low-precipitation environment, and its relatively higher grain yield compared with Madsen from the early 2001 planting may be partially due to better drought tolerance. The 2002 grain yield data agree with previous studies at Lind that show early planting generally increases grain yield compared with later planting dates (Donaldson et al., 2001) . However, the YR ϫ PD and YR ϫ C interactions were highly significant (Table 1c) . Grain yields for the dry checks were equal to or greater than any for the priming media.
SUMMARY AND CONCLUSIONS
Laboratory results showed that priming media enhanced germination during the first 24 to 48 h, but RGP of checks was generally equal to or greater than all priming treatments at 72 h. Water was equal to or more effective than any other priming media tested. Soaking seed for more than 12 h duration in any priming media tended to reduce rate and extent of germination, suggesting that optimum soaking time for wheat may be less than 12 h. Combined across priming treatments, Madsen germinated earlier than did Edwin.
Greenhouse data combined across priming treatments showed that Edwin always emerged faster and achieved greater final stand than Madsen. The Edwin check was equal to the best priming treatments for emer- gence. However, KCl-and PEG-primed Madsen (both 
